Flavor SU(3) symmetry and QCD factorization in B → P P and P V decays 
I. INTRODUCTION
A large number of hadronic B u,d decay events have been collected at the B factories which enable us to make accurate measurements of branching fractions (BFs) and direct CP asymmetries for many modes. With the advent of the LHCb experiment, a tremendous amount of new experimental data on B decays is expected to be obtained. In particular, various decay processes of heavier B s and B c mesons as well as very rare B decay modes are expected to be observed.
In earlier works on hadronic decays of B mesons, the factorization hypothesis, based on the color transparency argument, was usually assumed to estimate the hadronic matrix elements which are inevitably involved in theoretical calculations of the decay amplitudes for these processes. Under the factorization assumption, the matrix element of a four-quark operator is expressed as a product of a decay constant and a form factor. Naive factorization is simple but fails to describe color-suppressed modes. This is ascribed to the fact that colorsuppressed decays receive sizable nonfactorizable contributions that have been neglected in naive factorization. Another issue is that the decay amplitude under naive factorization is not truly physical because the renormalization scale and scheme dependence of the Wilson coefficients c i (µ) are not compensated by that of the matrix element M 1 M 2 |O i |B (µ). In the improved "generalized factorization" approach [1, 2] , nonfactorizable effects are absorbed into the parameter N eff c , the effective number of colors. This parameter can be empirically determined from experiment.
With the advent of heavy quark effective theory, nonleptonic B decays can be analyzed systematically within the QCD framework. There are three popular approaches available in this regard: QCD factorization (QCDF) [3] , perturbative QCD (pQCD) [4] and soft-collinear effective theory (SCET) [5] . In QCDF and SCET, power corrections of order Λ QCD /m b are often plagued by the end-point divergence that in turn breaks the factorization theorem. As a consequence, the estimate of power corrections is generally model dependent and can only be studied in a phenomenological way. In the pQCD approach, the endpoint singularity is cured by including the parton's transverse momentum.
Because a reliable evaluation of hadronic matrix elements is very difficult in general, an alternative approach which is essentially model independent is based on the diagrammatic approach [6] [7] [8] . In this approach, the topological diagrams are classified according to the topologies of weak interactions with all strong interaction effects included. Based on flavor SU(3) symmetry, this model-independent analysis enables us to extract the topological amplitudes and sense the relative importance of different underlying decay mechanisms.
When enough measurements are made with sufficient accuracy, we can extract the diagrammatic amplitudes from experiment and compare to theoretical estimates, especially checking whether there are any significant final-state interactions or whether the weak annihilation diagrams can be ignored as often asserted in the literature. The diagrammatic approach was applied to hadronic B decays first in [9] . Various topological amplitudes have been extracted from the data in [10] [11] [12] [13] after making some reasonable approximations.
Based on SU(3) flavor symmetry, the decay amplitudes also can be decomposed into linear combinations of the SU(3) F amplitudes which are SU(3) reduced matrix elements [14] [15] [16] [17] .
This approach is equivalent to the diagrammatic approach when SU(3) flavor symmetry is imposed to the latter.
In this work we make efforts to bridge these two different approaches, using QCDF and flavor SU(3) symmetry, inB u,d (B s ) → P P, P V decays. For this aim, we first introduce all the relevant topological diagrams, including the presumably subleading diagrams, such as the QCD-and EW-penguin exchange ones and flavor-singlet weak annihilation ones, some of which turn out to be important especially in penguin-dominant decay processes. Then all these decay modes are analyzed by using the intuitive topological diagrams and expressed in terms of the SU(3) F amplitudes. Each SU(3) F amplitude is translated into the corresponding terms in the framework of QCDF. Applying these relations, one can easily find the rather sophisticated results of the relevant decay amplitudes calculated in the QCDF framework.
The magnitude and the strong phase of each SU(3) F amplitude are numerically estimated in QCDF. We further discuss some examples of the applications, including the effects of SU(3) F breaking and useful SU(3) F relations among decay amplitudes. This paper is organized as follows. In Sec. II, we introduce topological quark diagrams relevant toB u,d (B s ) → P P, P V decays and the framework of QCDF. The explicit SU(3) F decomposition of the decay amplitudes and the relations between the SU(3) F amplitudes and the QCDF terms are presented. In Sec. III, we make a numerical estimation of the SU(3) F amplitudes and discuss its consequences and some applications. Our conclusions are given in Sec. IV.
II. FLAVOR SU(3) ANALYSIS AND QCD FACTORIZATION
It has been established sometime ago that a least model-dependent analysis of heavy meson decays can be carried out in the so-called quark-diagram approach. 1 In this diagrammatic scenario, all two-body nonleptonic weak decays of heavy mesons can be expressed in terms of six distinct quark diagrams [6] [7] [8] : 2 T , the color-allowed external W -emission tree diagram; C, the color-suppressed internal W -emission diagram; E, the W -exchange diagram; A, the W -annihilation diagram; P , the horizontal W -loop diagram; and V , the vertical W -loop diagram. (The one-gluon exchange approximation of the P graph is the so-called "penguin diagram".) For the analysis of charmless B decays, one adds the variants of the penguin diagram such as the electroweak penguin and the penguin annihilation and singlet penguins, as will be discussed below. It should be stressed that these diagrams are classified according to the topologies of weak interactions with all strong interaction effects encoded, and hence they are not Feynman graphs. All quark graphs used in this approach are topological and meant to have all the strong interactions included, i.e., gluon lines are included implicitly in all possible ways. Therefore, analyses of topological graphs can provide information on final-state interactions (FSIs).
In SU(3) F decomposition of the decay amplitudes forB u,d (B s ) → M 1 M 2 (with M 1 M 2 = P 1 P 2 , P V, V P ) modes [15] , we represent the decay amplitudes in terms of topological quark diagram contributions. The topological amplitudes which will be referred to as SU(3) F amplitudes hereafter, corresponding to different topological quark diagrams, as shown in Figs. 1-3, can be classified into three distinct groups as follows:
(i) Tree and penguin amplitudes T : color-favored tree amplitude (equivalently, external W -emission),
C : color-suppressed tree amplitude (equivalently, internal W -emission), P : QCD-penguin amplitude, S : singlet QCD-penguin amplitude involving SU(3) F -singlet mesons (e.g., η (′) , ω, φ), P EW : color-favored EW-penguin amplitude, P C EW : color-suppressed EW-penguin amplitude, 1 It is also referred to as the flavor-flow diagram or topological-diagram approach in the literature. 2 Historically, the quark-graph amplitudes T, C, E, A, P named in [15] were originally denoted by A, B, C, D, E, respectively, in [7, 8] .
(ii) Weak annihilation amplitudes Within the framework of QCD factorization [20] , the effective Hamiltonian matrix ele-
where the Cabibbo-Kobayashi-Maskawa (CKM) factor λ 
3 The singlet amplitudes SE and SA were first discussed in [18, 19] as the disconnected hairpin amplitudes and denoted by E h and A h , respectively, in [19] . 
for hard spectator interactions with a hard gluon exchange between the emitted meson and the spectator quark of the B meson and P i (M 2 ) for penguin contractions.
The weak annihilation contributions to the decayB
can be described in terms of the building blocks b
The building blocks have the expressions [20] line by a single Z-boson or photon line. The gluon line of (e) and (f) and the right gluon line of (g) and (h) can be attached to the fermion lines in all possible ways.
The subscripts 1,2,3 of A i,f n denote the annihilation amplitudes induced from (V −A)(V −A), (V − A)(V + A) and (S − P )(S + P ) operators, respectively, and the superscripts i and f refer to gluon emission from the initial and final-state quarks, respectively. We choose the convention that M 1 contains an antiquark from the weak vertex and M 2 contains a quark from the weak vertex, as in Ref. [21] .
For the explicit expressions of vertex, hard spectator corrections and annihilation contributions, we refer to [20] [21] [22] for details. In practice, it is more convenient to express the decay amplitudes in terms of the flavor operators α 
where f M is the decay constant of a meson M and the chiral factors r
χ are given by
with f ⊥ V (µ) being the scale-dependent transverse decay constant of the vector meson V . The relevant factorizable matrix elements are Tables I−XXIV . In these tables, the subscript 
, two values of ζ are shown in one parenthesis: e.g., (q, s), where q and s denote the quark content of the first and second η (′) , respectively. A similar rule is also applied to the case ofB
On the other hand, to distinguish the decays with |∆S| = 1 from those with ∆S = 0, we will put the prime to all the SU(3) F amplitudes for the former, for example T
We will give some examples for illustration. The decay amplitude of B − → π −K 0 which is aB u → P P mode with |∆S| = 1 can be written, from Tables IV−V, as
The decay amplitude ofB 0 → η (′)K * 0 which is aB d → P V mode with |∆S| = 1 can be recast, from Tables X−XII, to
where the superscripts (q), (s) and (c) represent the quark contents of η (′) , such as η
c , respectively. Likewise, from Tables VII−IX, the decay amplitude ofB
which is aB d → P V mode with ∆S = 0 is given by
where the superscripts (q ′ , q ′′ ) with q ′ , q ′′ = q, s denote the quark contents of (η (′) , ω/φ), The SU(3)
can be expressed in terms of the quantities calculated in the framework of QCD factorization as follows:
where the superscript ζ = q, s, c, which is only applied to the case when
As mentioned before, for |∆S| = 1 decays, we will put the prime to all the SU(3) F amplitudes. The unprimed and primed amplitudes have the CKM factor λ r p ≡ V pb V * pr with r = d and r = s, respectively. The weak annihilation amplitudes are given by
, 4 The factorizable amplitude X (BM1, M2) is denoted by A M1M2 in [21] .
and the singlet weak annihilation amplitudes by
where we have used the notation [b
. Note that the weak annihilation contributions in the QCDF approach given in Eq. (3) include all the above SU(3) F amplitudes given in Eqs. (13) and (14), such as E
Using the above relations, one can easily translate the decay amplitude expressed in terms of the SU(3) F amplitudes as shown in Tables I−XXIV into that expressed in terms of the quantities calculated in the framework of QCDF. For example, the decay amplitude of B − → π −K 0 given in Eq. (9) can be rewritten in terms of the quantities calculated in QCDF:
Likewise, the decay amplitude ofB
Finally, the decay amplitude ofB
q , ωs/φs)
All the decay amplitudes ofB → P P, V P in QCD factorization shown in Appendix A of Ref. [21] can be obtained from the SU(3) F amplitudes displayed in Tables I−XXIV .
III. NUMERICAL ANALYSIS OF FLAVOR SU(3) AMPLITUDES IN QCDF
In this section we estimate the magnitude of each SU(3) F amplitude in the framework of QCDF by using the relations given in Eqs. (12), (13) and (14) . For the numerical analysis, we shall use the same input values for the relevant parameters as those in Ref. [24] . Specifically we use the values of the form factors for B u,d → P and B u,d → V transitions obtained in the light-cone QCD sum rules [25] and those for B s → V transitions obtained in the covariant light-front quark model [26] with some modifications :
Here for η (′) we have used the flavor states≡ (uū + dd)/ √ 2, ss and cc labeled by the η q , η s and η c , respectively, and the form factors for B → η (′) are given by
where the small mixing with η c is neglected and the η q -η s mixing angle θ defined by
is (39.3 ± 1.0)
• in the Feldmann-Kroll-Stech mixing scheme [27] . For the decay constants,
we use the values (in units of MeV) [27, 28] 
It is known that although physics behind nonleptonic B decays is extremely complicated, it is greatly simplified in the heavy quark limit m b → ∞ as the decay amplitude becomes factorizable and can be expressed in terms of decay constants and form factors. However, this simple approach encounters three major difficulties: (i) the predicted branching fractions for penguin-dominatedB → P P, V P, V V decays are systematically below the measurements [21] (ii) direct CP-violating asymmetries forB
with experiment in signs [29] , and (iii) the transverse polarization fraction in penguin-dominated charmlessB → V V decays is predicted to be very small, while experimentally it is comparable to the longitudinal polarization one. All these indicate the necessity of going beyond zeroth 1/m b power expansion. In the QCDF approach one considers the power correction to penguin amplitudes due to weak penguin annihilation characterized by the parameter β . However, QCD-penguin exchange amplitudes involve troublesome endpoint divergences and hence they can be studied only in a phenomenological way. We shall follow [20] to model the endpoint divergence X ≡ 1 0 dx/x in the annihilation diagrams as
where Λ h is a typical scale of order 500 MeV, and ρ A and φ A are the unknown real parameters.
By adjusting the magnitude ρ A and the phase φ A in this scenario, all the above-mentioned difficulties can be resolved. However, a scrutiny of the QCDF predictions reveals more puzzles with respect to direct CP violation, as pointed out in [24, 29] . While the signs of
modes are flipped to the right ones in the presence of power corrections from penguin annihilation, the signs of
η will also get reversed in such a way that they disagree with experiment. This indicates that it is necessary to consider subleading power corrections other than penguin annihilation. It turns out that an additional subleading 1/m b power correction to color-suppressed tree amplitudes is crucial for resolving the aforementioned CP puzzles and explaining the decay rates for the color-suppressed tree-dominated π 0 π 0 , ρ 0 π 0 modes [24, 29] . A solution to the B → Kπ CP-puzzle related to the difference of CP asym-
+ requires a large complex color-suppressed tree amplitude and/or a large complex electroweak penguin. These two possibilities can be discriminated in tree-dominated B decays. The CP puzzles with π − η, π 0 π 0 and the rate deficit problems with π 0 π 0 , ρ 0 π 0 can only be resolved by having a large complex color-suppressed tree topology C. While the New Physics solution to the B → Kπ CP puzzle is interesting, it is most likely irrelevant for tree-dominated decays.
We shall use the fitted values of the parameters ρ A and φ A given in [24] :
Following [29] , power corrections to the color-suppressed topology are parametrized as
with the unknown parameters ρ C and φ C to be inferred from experiment. We shall use [29] ρ
forB → P P, V P, V V decays, respectively.
A. Magnitudes and strong phases of the SU(3) F amplitudes
From Eqs. (12)− (14), it is obvious that the SU(3)
depend on the specific final states M 1 and M 2 . Thus, the magnitudes of these SU(3) F amplitudes are process-dependent in general, though numerically the dependence turns out to be moderate. In order to find typical magnitudes of these SU(3) F ones, we choose typical decay processes as explained below, and use only the central values of the input parameters.
¿From now on, we shall use a notation for the relevant strong and weak phases as follows:
e.g., the color-favored tree amplitude for ∆S = 0 (|∆S| = 1) decays is denoted as T In the case ofB u,d (B s ) → P 1 P 2 decays with ∆S = 0, the modesB u,d (B s ) → ππ (πK) are used to numerically compute the relevant SU(3) F amplitudes such as T P , C P , P P and so on, except for S (14), except the amplitudes
and SA (′) , all the other amplitudes including penguin ones are the sum of two terms each of which is proportional to λ the QCD-penguin amplitude can be understood as
with the strong phase δ P (′) and the weak phase θ Tables XXV−XXVIII , hierarchies among the SU(3) F amplitudes are numerically found as follows. For ∆S = 0B u,d (B s ) → P P decays, the hierarchical relation is
and forB u,d (B s ) → P V ,
Likewise, for ∆S = 1B u,d (B s ) → P P decays, the hierarchical relation is found to be
and
Several remarks are in order:
1. It is well known that the penguin contributions are dominant in |∆S| = 1 decays due to the CKM enhancement |V cs V * cb | ≈ |V ts V * tb | ≫ |V us V * ub | and the large top quark mass. Especially, it is interesting to note that in addition to the QCD-penguin contributions P ′ P,V , the QCD-penguin exchange ones P E ′ P,V are large forB u,d (B s ) → P P and P V decays. Since the strong phase of P E ′ P (V ) is comparable to that of P ′ P (V ) in magnitude with the same sign (i.e., δ P E′ P (V ) ∼ δ P ′ P (V ) ), the effects from P E ′ P (V ) and P constructive to each other. It has been shown [24] that in order to accommodate the data including the branching fractions and CP asymmetries of those decays, the QCDpenguin exchange contributions (P E ′ P,V ∝ b p 3 ) are important and play a crucial role. For example, for penguin-dominatedB u,d → P P decays, the effects of the QCDpenguin exchange dictated by the values of ρ A and φ A paly a key role in resolving the problems of the smallness of predicted decay rates and of the wrong sign of the predicted direct CP asymmetry A CP (π + K − ). Also, for B u,d → Kρ and πK * decays, the QCD-penguin exchange contributions will enhance the rates by (15 ∼ 100)% for
Kρ modes and by a factor of 2 ∼ 3 for πK * ones.
The SU(3) F -singlet contributions S (′)
P,V are involved in the decay modes including
They are expected to be small because of the Okubo-Zweig-Iizuka (OZI) suppression rule which favors connected quark diagrams. Indeed they are found to be :
6 In contrast, in the framework of generalized factorization, the SU(3) F -singlet contribution depend strongly on the parameter ξ ≡ 1/N c (N c being the effective number of color) and could be large, particularly forB u,d → V V decays [16] : e.g., up to 77% of the dominant QCD-penguin contribution. In the flavor SU (3) analyses with a global fit of the SU(3) F amplitudes to the data, a large effect from S ′ P is also needed for explaining the large BFs of the B → η ′ K modes [30] : e.g.,
Among the two-body B decays, B → Kη ′ has the largest branching fraction, of order 70 × 10 −6 , while B(B → ηK) is only (1 ∼ 3) × 10 −6 . This can be qualitatively understood as the interference between the B → Kη q amplitude induced by the b → sqq penguin and the B → Kη s amplitude induced by b → sss, which is constructive for B → Kη ′ and destructive for B → ηK [31] . This explains the large rate of the former and the suppression of the latter. As stressed in [21, 32] , the observed large B → Kη ′ rates are naturally explained in QCDF without invoking large flavor-singlet 6 When the effects from P E (′) P,V which are comparable to P (′) P,V are taken into account, the ratio |S
contributions.
3. In ∆S = 0 decays, as expected, the tree contributions T P,V dominate and the colorsuppressed tree amplitudes C P,V are larger than the penguin ones. Among the penguin contributions, the QCD-penguin ones P P,V and the QCD-penguin exchange ones P E P,V are comparable. Large strong phases in the decay amplitudes are needed to generate sizable direct CP violation inB decay processes. For tree-dominated
• ) which is larger than the naive expectation of C P /T P ∼ 1/3 in both magnitude and phase. Recall that a large complex color-suppressed tree topology C is needed to solve the rate deficit problems with π 0 π 0 and π 0 ρ 0 and give the correct sign for direct CP violation in the
P,V and QCD-penguin annihilation P A The ratios of the SU(3) F amplitudes extracted from global fits to charmlessB u,d → P P modes [12] are
with λ r q ≡ V qb V * qr (q = u, t and r = d, s), and the relative strong phases are
Likewise, for charmlessB u,d → P V modes, the ratios of the SU(3) F amplitudes extracted from global fits [13] are
and the relative strong phases are
In the above the numerical values outside (inside) parentheses correspond to ∆S = 0 (|∆S| = 1) decays. In the case ofB u,d → P P with |∆S| = 1, the primed amplitudes were obtained by including the SU(3) breaking factor f K /f π for both |T ′ P | and |C ′ P | and a universal SU(3) breaking factor ξ = 1.04 for all the amplitudes except P ′ EW,P . But, inB u,d → P V , the primed amplitudes were extracted by imposing partial SU(3) breaking factors on T and C only: i.e., including f K * /f ρ for |T ′ P | and |C ′ P |, and f K /f π for |T ′ V | and |C ′ V |. Also, for both B u,d → P P and P V , the top penguin dominance was assumed, which is equivalent to the assumption that α On the other hand, from Table XXV, the ratios of the SU(3) F amplitudes forB u,d → P P are given by
Likewise, forB u,d → P V , we obtain
where the numerical values outside (inside) parentheses correspond to ∆S = 0 (|∆S| = 1)
decays. In our case, δ 
u )| for bothB u,d → P P and P V in the fitting case are larger than those in the QCDF case. In the latter case, the effects from P E (′) P are comparable to and contribute constructively to those of P (′) P , as discussed in the above "remark 1". Interestingly it is found that the combined effects from P (′) P and P E (′) P obtained in the QCDF case are comparable to that of P (′) P determined in the fitting case. In contrast, the combined effects from P (′)
V and P E (′)
V found in the QCDF case are (roughly two times) larger than that of P (′) P obtained in the fitting case. Also, forB u,d → P V decays, the ratio |(P
For the SU(3) F -singlet contributions, as discussed in the above "remark 2", S (′) P,V obtained in the fitting case are much larger than those found in the QCDF case: e.g., forB u,d → P V , the ratio |S
B. Estimates of decay amplitudes, SU(3) F breaking effects and SU(3) F relations
Using Tables XXV−XXVIII, one can easily estimate the decay amplitudes ofB u,d (B s ) → P P, P V numerically. For example, the decay amplitude of B − → π − π 0 is obtained as
and the decay amplitude of B − → π −K 0 given in Eq. (9) is estimated as
Likewise, the decay amplitude ofB s → K 0 π 0 is found to be
and the decay amplitude ofB s → K + K * − is given by
In the above, the color-suppressed and color-favored tree amplitudes are, for example, 
) and
, etc, where the strong phases δ
. By using Eqs. (38)−(41), and noting that each SU(3) F amplitude and its CP-conjugate one are the same except for having the weak phase with opposite sign to each other (e.g., the CP-conjugate amplitude
, the estimation of direct CP asymmetries as well as the decay rates can be easily obtained.
The SU(3) F breaking effects in the amplitudes arise from the decay constants, masses of the mesons and the form factors in addition to the CKM matrix elements. For example, taking into account the effects of SU(3) F breaking inB u,d → P P , the ratio of T ′ P and T P is estimated by |T
. From Tables XXV−XXVIII, the numerical estimates of the SU(3) F breaking effects in the amplitudes can be obtained. For bothB u,d (B s ) → P P decays with ∆S = 0 and |∆S| = 1,
Likewise, forB u,d → P V decays,
V us C P (V ) = 1.19 (1.02),
V ts P P (V ) = 1.07 (1.12),
and forB s → P V decays,
V us C P (V ) = 1.00 (1.28),
In the above, we have factored out the relevant CKM matrix element from each SU(3) F amplitude. The results show that the SU(3) F breaking is up to 28% for the tree and colorsuppressed tree amplitudes, and 19% for the QCD-penguin and QCD-penguin exchange amplitudes.
In Refs. [15, 16] , a number of SU(3) F linear relations among various decay amplitudes were presented. These relations were suggested to be used in testing various assumptions made in the SU(3) F analysis and extracting CP phases and strong final-state phases and so on. In the previous studies, certain diagrams, such as the QCD-penguin exchange P E ′ and the EW-penguin exchange P E ′ EW , were ignored. As we have discussed in the previous subsection, the contribution from the P E ′ diagram turns out to be important in |∆S| = 1 decay processes. Because of its topology, the QCD-penguin exchange amplitude P E ′ always appears in the decay amplitude together with the QCD-penguin one P ′ . Thus, all the SU(3) F linear relations obtained in [15, 16] still hold after replacing P ′ by (P ′ + P E ′ ). However, due to this replacement, the relevant strong phase of P ′ should be changed as follows:
where the weak phases θ P ′ = θ P E ′ = θP ′ under the assumption that the top quark dominates the penguin amplitudes in the relevant processes. Apparently, the strong phase δP ′ is generally not the same as δ P ′ , although they differ not much because roughly 
Also, from Tables XXVI and XXVIII, we see that |E
Thus, it is expected from Eqs. (41) and (46) that
Consequently, we obtain the relations for the BFs and the direct CP asymmetries :
Numerically the above SU(3) F relations are generally respected [24] .
IV. CONCLUSION
Based on flavor SU(3) symmetry, we have presented a model-independent analysis of In our analysis, we have included the presumably subleading diagrams, such as the QCDand EW-penguin exchange ones (P E and P E EW ) and flavor-singlet weak annihilation ones (SE, SA, SP E, SP A, SP E EW , SP A EW ). Among them, the contribution from the QCDpenguin exchange diagram plays a crucial role in understanding the branching fractions and direct CP asymmetries for penguin-dominant decays with |∆S| = 1, such asB
, π ω/φ, K ω/φ, etc, are found to be small as expected from the OZI suppression rule. On the other hand, the color-suppressed tree amplitude C is found to be large and complex : e.g., for tree-
which is larger than the naive expectation of C P /T P ∼ 1/3 in phase and magnitude. This large complex C is needed to understand the experimental data for the branching fractions
We have also compared our results with those obtained from global fits tō B u,d → P P, P V decays. Certain results, such as the effects of C (′) P forB u,d → P P , are consistent with each other, but some other results, such as the contributions of P (′) P,V and S (′) P,V forB u,d → P P, P V , are different from each other. These differences stem mainly from the different ways of explaining the current data ofB u,d → P P , P V in these two approaches, depending on which SU(3) F amplitudes become more important in a particular mode.
As an example of the applications, we have discussed the SU(3) F breaking effects. Our results show that the SU(3) F breaking is up to 28% for the tree and color-suppressed tree amplitudes and 19% for the QCD-penguin and QCD-penguin exchange ones. Using the SU(3) F amplitudes, we have also derived some useful relations among the decay amplitudes ofB s → P V andB d → P V . These SU(3) F relations are expected to be tested in future experiments such as the upcoming LHCb one. (3) F amplitudes inB → P 1 P 2 ( ∆S = 0 ). Table I ) Weak annihilation contributions. 
TABLE IV: Coefficients of SU(3) F amplitudes inB → P 1 P 2 ( |∆S| = 1 ). Table IV ) Weak annihilation contributions. 
TABLE VII: Coefficients of SU(3) F amplitudes inB → P V ( ∆S = 0 ). When ideal mixing for ω and φ is assumed, i) for
, set the coefficients of SU(3) F amplitudes with the subscript π and the superscript ζ = s (q) to zero: i.e., forB → πω,
EW,π = 0, and forB → πφ, C
the coefficients of SU(3) F amplitudes with the subscript η (′) and the superscript ζ = (q, s) or (s, s)
[(q, q) or (s, q)] to zero: i.e., forB 0 → η (′) ω, S (q,s)
EW,η (′) = 0, and forB 0 → η (′) φ, C (q,q) for ω and φ is assumed, the same rules as used in Table VII are applied. 
TABLE X: Coefficients of SU(3) F amplitudes inB → P V ( |∆S| = 1 ). When ideal mixing for ω and φ is assumed, for and φ is assumed, the same rules as used in Table X are applied. mixing for ω and φ is assumed, the same rules as used in Table X are applied.
[0]
TABLE XIII: Coefficients of SU(3) F amplitudes inB s → P 1 P 2 ( ∆S = 0 ). 
TABLE XVI: Coefficients of SU(3) F amplitudes inB s → P 1 P 2 ( |∆S| = 1 ). 
EW,K = 0, and for for ω and φ is assumed, the same rules as used in Table XIX are applied.
[0] 
[0] for ω and φ is assumed, the same rules as used in Table XXII are applied. Bs → π 0 ω/φ (in degrees) of each SU(3) F amplitude are shown in order within the parenthesis : e.g., for the tree amplitude T P ≡ |T P | e i(δ P +θ P ) with δ P and θ P being the strong and weak phases, respectively, its magnitude and strong phase are shown as (|T P |, δ P ). Table XXV except forB u,d → P V decays : e.g., for the tree amplitudes (T P ; T V ) where T P,V ≡ |T P,V | e i(δ P,V +θ P,V ) with δ P,V and θ P,V being the strong and weak phases, respectively, their magnitudes (in units of 10 −9 GeV) and strong phases (in degrees) are shown as (|T P |, δ P ; |T V |, δ V ). 
